Introduction
The Arctic Ocean's freshwater budget comprises contributions from river runoff, precipitation, evaporation, sea-ice and exchanges with the North Pacific and Atlantic 1 .
The consequent storage of >70,000 km 3 of freshwater 2 reduces the salinity of upperlayer seawater, which is separated from underlying warm, saline water by a strong halocline. Spatially and temporally limited observations show that the Arctic Ocean's freshwater content increased over the last few decades, predominantly in the west 3, 4, 5 , and that freshwater entering the North Atlantic decreased by a similar amount 6 .
Models suggest that wind-driven convergence drives freshwater accumulation 7 , but there are no continuous observations of changes in sea surface height (SSH) or halocline depth associated with this mechanism. Here we show the wind-driven spinup of the Beaufort Gyre from continuous satellite measurements of SSH between 1995-2010. We observe a positive SSH trend and show that the trend in the wind field has a corresponding spatial pattern, indicating that wind-driven convergence controls freshwater variability. We calculate a freshwater increase of 8000±2000 km 3 over the Western Arctic, in keeping with hydrographic observations 4, 5 . A reversal in the wind corresponding trend in the wind field curl ∇ × uu (a measure of the spatial gradients in the wind that give rise to Ekman convergence or divergence), where u is the wind vector (figure 1c). The trend in the SSH is derived from continuous satellite radar altimetry data from the Earth Remote Sensing (ERS2) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) and Envisat (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) satellites (figure 1b). Our data cover the Arctic region between 70°N-81.5°N, the latitudinal limit of the satellites, covering the majority of the Canada Basin and therefore, the Beaufort Gyre.
The trend in SSH (figure 1b) shows an increase in the doming of the Beaufort Gyre: the trend in the SSH is greater in the centre of the Gyre than around the edge. Over the Beaufort Gyre, the trend in the wind field curl (figure 1c) shows a very similar spatial pattern to the trend in the SSH (r=-0.9 over the Western Arctic as defined above). This correlation is not observed in shallow and coastal areas of the Arctic (e.g. the Canadian Archipelago) where the ocean is constrained by topography unlike the deep Canada Basin.
The variability in the SSH over the Western Arctic (figure 2), with respect to the 15-year mean SSH (figure 1a), reveals that the trend (1.88±0.09 cmyr suggesting that the mechanical strength of the ice decreased, making it easier to move 11 . An increased ice drift speed has also been observed from 2004-onwards, which cannot be fully explained by changes in wind speed 12 . Arctic sea ice extent and thickness are declining 13, 14, 15 and this decrease in ice thickness is a likely cause of the increase in ice deformation rate and drift speed 11, 12 . Increasing ice deformation also results in more leads 11 and ridges, increasing the area of vertical surfaces the wind can blow against, which increases the momentum transfer to the sea 
Methods

Sea surface height (SSH)
Although SSH is measured by radar altimeters over the world ocean, different processing techniques must be used over ice. ERS-2 provided the first map of Arctic SSH variability 21 and the ICESat laser altimeter provided the Arctic dynamic topography for February/March, 2004 -2008 . Our method utilises the fact that the radar observes specular echoes over leads and diffuse echoes over ice 21 . The supplementary information describes the process of calculating elevations from echoes, and the calibration between data from leads and ocean, and data from ERS-2 and Envisat.
The monthly average SSH was calculated by subtracting the EGM08 geoid 23 from the elevation data and filtering to remove outliers; data were then averaged on a 200 km grid. For each grid cell, we averaged the monthly data to calculate the mean sea surface (MSS) (figure 1a) and the SSH variability (figure 2) was calculated by computing annual MSS (September to August the following year) and subtracting the total MSS. The trend in the SSH was calculated using LINFIT (IDL), which fits data to the model, y = a + bx , by minimizing the chi-square error statistic (http://star.pst.qub.ac.uk/idl/LINFIT.html). It is possible that during June, July and August elevation estimates might include measurements from melt ponds, which would bias our elevations high. However, excluding these months from our data biases our trend high (by 20%) as the annual SSH cycle is not uniform. The fact that this bias is positive demonstrates that increasing melt pond fraction cannot contribute to the trend.
The uncertainty in the SSH is due to measurement, orbit, tidal, instrument noise and atmospheric propagation error along with the uncertainties in correcting for the biases between the two satellites and between measurements from the ocean and leads (see supplementary information).
Wind field curl
where u = u km grid. For each grid cell, the total mean curl was calculated by averaging all months of data and the annual anomaly was computed by subtracting the total mean curl from annual means of the monthly data.
We estimate an uncertainty of 10% in ∇ × uu from comparison with in-situ validation of wind speed estimates 25, 26 (see supplementary information).
Geostrophic velocity
The geostropic balance is 27 fu = −g ∂η ∂y
where f is the Coriolis parameter, g is the acceleration due to gravity, η is the SSH and u and v are the geostrophic velocities. We assume the geostrophic balance is the same in all directions and calculate the velocity in the x-direction. 
Freshwater volume change
To calculate the freshwater volume change ( ∆FW ) we represent each grid cell by a column of water composed of two homogeneous layers with lighter water (density ρ 1 ) overlying denser water (density ρ 2 ). The change in water mass at the base of the column ( ∆m) is
where η is the displacement of the surface (change in SSH), z is the displacement of the interface between ρ 1 and ρ 2 , ρ 1 =1022 kgm -3 and ρ 2 =1028 kgm -3 (values are for the Canada Basin from figure 2 in 28 ). The change in thickness ( ∆h ) of the upper layer is
Solving equation (4) for z and substituting into (5) gives
The change in the freshwater content is then
where salinities S 1 and S 2 equal 27.7 and 34.7 respectively 28 , A is the grid cell area and N is the number of grid cells. To estimate ∆m we convert GRACE equivalent water thickness estimates from release 4, University of Texas, Centre for Space
Research, 300 km smoothed data (http://grace.jpl.nasa.gov/data/mass/) to mass by multiplying by the density of water (1000 kgm -3 ). Figure 3 demonstrates that including the mass term makes little difference to our calculation. Therefore, when GRACE data are not available we assume there is no change in mass.
The uncertainty in ∆FW is estimated by propagating the uncertainties in SSH, S 1 , ρ 1 and ∆m 29 through equation (7) katharine.giles@ucl.ac.uk
Methods
To estimate an elevation from a specular echo returned from a lead in the sea ice pack we fit an empirically derived model to the echo 1 . Over the open ocean (during the Arctic summer) standard elevation data from the European Space Agency (ESA) products were used. Our correction for the bias between open ocean and lead sea surface height (SSH) estimates, which results from using different processing techniques, is described in detail below. In correcting for this bias we also remove any potential bias in the lead elevation resulting from the echo shape differing from the empirical modal we fit to the data.
For ERS-2, the orbits were provided by the Delft University of Technology and were based on the DGM-E04 gravity model 2 and for Envisat, the standard precision orbits from ESA were used. Satellite altitudes were referenced to an ellipsoid of the Earth based on the WGS-84 reference system. The following corrections were applied to both ERS and Envisat data: ionospheric delay using the GIM model (http://iono.jpl.nasa.gov/gim.html), wet and dry components of the troposphere delay (computed from 6-hourly NCEP surface pressure, humidity and temperature grids), long term instrument drift due to the drift in the frequency of the ultra stable oscillator 3 , ocean tides as detailed in 4 and the inverted barometer effect using the MOG 2D model
Removing the lead/open ocean bias
To calculate a trend in the SSH in a grid cell we require that each grid cell contains data from all months in the year, for every year, to avoid potential variations in the seasonal cycle affecting the calculation. Our analysis therefore requires data from both ice covered and open ocean areas as, during August, September and October, as there are significant areas of the Western Arctic that are ice free. There is a bias between elevation estimates from the open ocean and from leads as different models are used to fit to the echoes and provide an elevation estimate.
The bias between open ocean and lead SSH estimates was calibrated using data from the ice edge (lead elevations are lower than ocean elevations). For both satellites the distribution of the difference between ocean and lead elevations is approximately Gaussian with a mean, standard deviation and standard error of 15, 11 and 0.2 cm for ERS-2 and 4, 7 and 0.4 cm for Envisat respectively. We add the mean difference to the lead elevations to correct for this bias. As the returns from leads and the ocean cannot not be acquired from exactly the same point, variability in the difference between the them is due in part to variations in the SSH between the ice covered and ice free areas. We take the larger standard error of 0.4 cm as an estimate of the uncertainty when correcting for this bias.
To check the lead/open ocean bias correction we compared the annual SSH and trends over the Western Arctic from lead only data and from combining both lead and the open ocean data. We removed the months of August, September and October in each of the annual averages (for both data sets) to ensure that we had lead data covering all of the Western Arctic during every month in our average during every year. The differences between the lead only and lead plus open ocean annual average SSH are at the millimetre scale and the trends agree to 3%. Therefore we do not think that this bias affects our trend calculation after we have applied the correction.
It is possible to get specular return from young, undeformed, snow-free ice in leads. This ice type of ice could have an elevation of up to few cm's above the sea surface. We would expect that the effect of sampling new ice would increase the variability of our data as the probability of the satellite sampling an open lead or newly refrozen lead is the same. If new ice were causing our elevation estimates to be biased high then this bias would be removed when we calibrate the lead data with the open ocean data and if there were a trend towards increased returns from new ice would see that in our ice/open ocean calibration, which we do not. The mean difference is 18 cm with a standard deviation and standard error of 0.9 and 0.2 cm respectively. We add 18 cm to the ERS2 elevation estimates to correct for the bias between the satellites and take the standard error of 0.2 cm as an estimate of the uncertainty in correcting for this bias Independently, the instrumental drift in Envisat is calibrated to within 0.5 mm yr -1 in range 7 whilst the trend in ERS agrees within 0.5 mm yr -1 with the TOPEX radar altimeter, which is itself calibrated 8 to 1 mm yr -1 . Considering these calibrations, and that the trend in the SSH we observe over the Arctic region is not uniform, the trend we observe in the Western Arctic is not due to instrument drift.
Cross-calibrating ERS-2 and Envisat
ERS
Estimating the uncertainty in the SSH
To estimate the uncertainty in the SSH due to measurement, orbit, tidal, instrument noise and atmospheric propagation errors we use the mean RMS variability of 7.3 cm in the Canada basin 4 derived from two years of ERS-2 SSH measurements. Since all of these de-correlate for the different orbits within each grid cell we divide by the square root of the number of orbits (n) in a grid cell at 70°N. To account for the uncertainty resulting from the corrections for the lead/open ocean bias and the ERS-2/Envisat bias we used the standard error (0.4 and 0.2 cm respectively) for each bias correction as described above and add these uncertainties in quadrature to the RMS variability.
For a single grid cell for an annual average, σ annual =0.8 cm (n=125) and the 15-year mean σ mean15 =0.5 cm (n=1875). Therefore, the error in the SSH anomaly for a single grid cell is σ anomaly =0.9 cm. The uncertainty in the SSH averaged over the Western Arctic (n=1452) is σ annual_WA =0.5 cm, σ mean15_WA =0.4 cm and σ anomaly_WA =0.7
cm. The uncertainties given for the trends in the text are the 1-sigma uncertainties for the estimate of each trend.
Estimating the uncertainty in the geostrophic velocity
The uncertainty in the geostrophic velocity, during the first half of our time period (1996) (1997) (1998) (1999) (2000) (2001) (2002) , calculated between two points in the Beaufort Gyre is estimated from ( 1) where the uncertainty in the 7-year MSS is σ mean7 =0.5 cm (n=875) and Δx is the distance between the centre and edge of the gyre. The uncertainty in the total increase in the geostrophic velocity during the second half of our time series is estimated using equation 1 and by replacing σ mean7 with the uncertainty in the trend for an individual grid cell σ trend =0.12 cm (this value is the uncertainty in fitting a linear trend to the sea surface height anomaly in a single grid cell with uncertainty σ anomaly =0.9 cm).
1.6
Estimating the uncertainty in the change in the fresh water volume
The uncertainty in the change in the fresh water content is estimated by first calculating the uncertainty in Δh (the change in thickness of the upper layer) for a single grid cell
